SUMMARY: Characteristics of the daily behavior and activity patterns of the adult housefly were investigated with special reference to time-keeping device.
INTRODUCTION
The housefly is a ubiquitous pest of medical and sanitary importance. Nevertheless, the basic knowledge of the fly behavior has only meagerly been accumulated.
In a previous paper (Tsutsumi, 1966) , the behavior and flight activity patterns of houseflies released in a small test container were reported under conditions of constant temperature and various light regimes.
When flies subjected to a 24-hr photoperiod with a 12-hr photophase were placed under continuous illumination, they showed the resting behavior only once and then became arrhythmic.
This fact suggested that the characteristic nighttime resting behavior was caused by some internal factor.
In a subsequent paper (Tsutsumi, 1968) , the effect of some environmental factors on the behavior and activity patterns of rhythmic flies was reported.
The occurrence of the resting behavior was inhibited under bright light (over 2,000 lux) or extreme temperature condition (higher than 40C or lower than 10C), and greatly influenced by hunger.
Such biological factors as the strain, sex and age may also modify the typical rhythmic behavior and activity patterns of the flies.
Since direct observation always involves errors made by the observer it seemed to be more advantageous to use an actograph capable of recording rhythmic activity of a single housefly over a long period of time.
When the result of some observation under natural conditions (unpublished) was compared with the laboratory data described previously (Tsutsumi, 1966) , some difference became apparent in the time of the onset of the resting phase. Therefore, studies were made to find factors affecting the time of the onset of the resting phase.
In the majority of studies (Chiba, 1964 (Chiba, , 1966 Gunn, 1940; Lipton and Sutherland, 1970; Lohmann, 1964; Minis, 1965; Nayar and Sauerman, 1970; Nowosielsky and Patton, 1963; Roberts, 1960; Youthed and Moran, 1969) , persistent rhythms have been described in nocturnal or crepuscular insects, in which duration of active phase was shown to last only for several hours, or two peaks of activity were usually found.
Thus, the paucity of information concerning properties of daily periodicity of diurnal insects prompted a series of experiments designed (1) to study biological factors regulating daily behavior patterns, (2) to obtain actograph records of activity patterns of individuals, (3) to examine the effect of photofraction in a 24-hr photoperiod on the resting behavior, and (4) to find the function of the resetting system of the time-keeping device of this typically diurnal insect. In the present paper, the results of these experiments will be described together with interpretation of the observations made in the field.
MATERIALS AND METHODS
In the present experiments, strains and colonies of the housefly, Musca domestica L., maintained in this laboratory, were used. The fly larvae were reared in continuous illumination at 25 + 1 C on a diet of the following composition : wheat bran, 100 g; granular diet for rearing insects (Oriental Yeast Co., Tokyo), 100 g; fish meal, 5 g; baker's dry yeast (Oriental Yeast Co.), 0.5 g; water, 100 ml. To examine the behavior of the flies, the following methods were adopted.
1) The test container To examine the behavior, flies on each surface of the container, viz, ceiling, floor and walls, and those on the food were counted every 15 or 30 min. When counts in complete darkness were needed, a noctovision NVD 2001 attached with a Nikkor 50-mm objective lens (NIPPON ELECTRIC CO., Tokyo) was used.
To estimate the activity, flying insects during a 30-sec period were counted every 30 min. The mean of three counts was recorded to express the flight activity. 2) The actograph recorder Procedure. A single virgin female, lightly narcotized with ethylether , was transferred from a breeding cage into a sensor chamber of the actograph . Since the recording paper proceeded at a speed of 2 mm per min , it was possible to read the record that the fly was completely inactive only when her inactive state lasted for 18 sec or longer. The machine count was corroborated by simultaneous observations in preliminary tests. The activity was expressed in percentage of time spent in overall activity, including locomotor, cleaning and proboscis extension etc . per unit interval (30 min) (Fig. 2) , since the full-scale deflection of the recorder needle did Periods of locomotion of the fly on the side wall of the chamber (Lw) , locomotion on the fl oor (Lf) and rest (R) are indicated.
not necessarily indicate the state of the maximal activity of the insect because of the local difference in sensitivity within the sensor chamber. Comparison of the resting behavior of different strains and colonies of the housefly at the onset of the resting phase
Average of six counts beginning from the anticipated onset of resting phase was divided by the total number of flies released.
Takatsuki colony described previously (Tsutsumi, 1966) . The number of flies resting on the ceiling increased rapidly towards the anticipated onset of the resting phase, whereas two colonies, i. e. the Mix 6b and the Takatsuki white-eye, exhibited markedly different patterns.
The remaining one strain and two colonies of flies displayed intermediate resting behavior patterns.
The behavior of the Mix 6b colony is illustrated in Fig. 3A , in which only less than 20 % of the total flies at most are shown to rest on the ceiling. When flies of the Takatsuki colony were used, such an unusually small value has never been obtained (Fig. 3B) . The activity patterns exhibited by flies of the Mix 6b colony and those of the Takatsuki colony were essentially similar. A : the Mix 6b colony (female adult) ; B : the Takatsuki colony (female adult) ; C: the Takatsuki colony (male adult).
b) The sex
Male adults of the Takatsuki colony were kept in a light cycle of LD 12:12 for three days from the third day of their emergence.
Observations and counts were made on the sixth day from their emergence.
The behavior patterns of flies are shown in Fig. 3C . Although the behavior of DAILY ACTIVITY PATTERNS OF THE HOUSEFLY male flies seemed to vary slightly with the time and there was some increase in number of flies on the ceiling towards the onset of resting phase, the general pattern was markedly different from that of female flies.
In the absence of female adults, male flies very frequently attempted to mate with those of the same sex. Such behavior was also recognized throughout the anticipated resting phase.
c) The age
Ten female flies of the Takatsuki colony were released into a test container immediately after their emergence.
To estimate behavioral change in relation to age, the following two indices were adopted; (1) the total flies landing on the ceiling for 10 min-Index L, and (2) the total cumulative number of flies resting on the ceiling every minute for a 10-min period-Index R. These counts were made at intervals of an hour from 10:00 to 22:00 hr Japanese Standard Time (J. S. T.) every other day.
Flies changed their resting behavior with the lapse of days, as shown in Fig. 4 . Resting on the ceiling (expressed as Index R) gradually decreased, whereas landing onto the ceiling per unit interval (Index L) increased during the first few days of adult life, and then stayed rather constant. Index R : the cumulative number of flies resting on the ceiling every minute for a 10-min period (circle). Index L: the total number of flies landing on the ceiling for 10 min (triangle). Countings were made at intervals of 1 hr from 10:00 to 22:00 hr J.S.T. every other day. container and kept in LL after three light cycles of LD 12:12 displayed only once the characteristic nighttime resting behavior at the anticipated onset of darkness. To ascertain if individual females in a container also exhibit this behavior pattern, a series of experiments was conducted. Marked flies were placed in a small screened cage until the third day of their emergence.
After release, the flies were checked for exhibiting normal behavior and subjected to three cycles of LD 12:12 and then to LL. The tallest bar indicates that the fly rests on the ceiling, the medium-height bar on the walls, and the shortest bar on the floor.
Countings were made at 15-min intervals. With 14 marked flies without subjecting to dark period from their emergence, no sign of the approximate 24-hr cycle characteristic of circadian rhythms was detected (Fig. 8) . A similar result was obtained with the actograph. Eleven of 22 female flies placed in LL for days after two cycles of LD 12:12 exhibited only once the characteristic nighttime resting patterns (Fig. 9A) . Only one female showed a second trough in activity at 36 hr after the onset of LL. Other 10 exhibited considerably high levels of activity from the onset of LL showing no overt rhythmicity (Fig. 9B) . The result of a preliminary observation on the resting behavior of the flies in a large outdoor cage is presented in Fig. 10 . Since the observation was made on June 18, the flies were exposed to a natural photoperiod with a 15 hr 52 min photophase (3:46 to 19:38 hr J. S. T.). In the outdoor cage, flies resting on the ceiling increased in number at 18:00, when the light intensity was still high enough to allow them to fly , freely. The fact suggested that the flies were not entrained to this light environment in contrast to the results obtained in the laboratory.
It seemed necessary to find factors responsible for this inexplicable phenomenon.
Since the light appeared to DAILY ACTIVITY PATTERNS OF THE HOUSEFLY Fig. 9 . The activity pattern of an adult fly in LL after exposed to two cycles of LD 12:12.
A : an incomplete nighttime rest occurred only once; B : no nighttime rest occurred. be the most important environmental variable, behavioral patterns of flies under various photofractions in a 24-hr photoperiod were examined in the laboratory . Female flies of the Takatsuki colony were subjected to a 24-hr photoperiod with a 2-, 4-, 6-, 8-, 10-, 14-, 16-, 18-, 20-or 22-hr photophase from the third day of their emergence. In Fig. 11 , the activity and behavior patterns of the flies subjected to the photoperiod with a photophase longer than 12 hr are presented. Under these "long day" conditions, the flies exhibited the characteristic resting behavior before the onset of scotophase. The time of the beginning of resting phase seemed to be correlated with the time of the onset of photophase.
For instance, if the light was turned on 4 hr before the anticipated onset of the active phase, the commencement of the resting phase advanced by approximately 2 hr. Abscissa: time in hours after the onset of LL after three LD cycles with a photophase longer than 12 hr.
When placed in light cycles of LD 22:2, the majority of the flies tended to ignore this unnatural environmental light cycle. No cyclic pattern was obvious.
Experimental results with a photophase shorter than 12 hr are shown in Fig. 12A and B. In the flies kept in LD 10:14 or LD 8:16, the beginning of the resting phase coincided with the onset of scotophase. However, when the flies were subjected to a photoperiod with a photophase shorter than 6 hr, the onset of the resting phase was delayed by a few hours. 
Abscissa:
time in hours after the onset of LL after three LD cycles with a photophase shorter than 12 hr. (Table  III) .
A single dark period of 1 hr induced no obvious rhythmicity in the flies. In the flies placed in the darkness for 2 hr, an equivocal cyclic pattern was recognized.
A peak and trough were considerably evident in the activity curve and the behavior pattern of the flies subjected to the darkness for 4 hr. However, the cyclic pattern exhibited by the flies was not so obvious as that displayed by the flies subjected to three LD cycles. When the rhythmic flies were subjected to a single pulse at 6 hr after the onset of LL, the number of flies resting on the ceiling increased considerably (Fig. 13A) . However, there was neither the second peak in the number of flies resting on the ceiling (Fig. 13A) nor the second trough in flight activity (Fig. 14A ) at 27 hr after the onset of LL.
A quite different pattern was obtained when the flies were subjected to a single pulse at 9 hr after the onset of LL (Fig. 13B and Fig. 14B ). Both the second distinct peak in the number of flies resting on the ceiling and precipitous reduction in flight activity appeared at 30 hr after the onset of LL.
Similar results were obtained when the light-to-dark transition occurred at 14 or 19 hr after the onset of LL (Fig. 13C, D and Fig. 14C, D) .
To ascertain complete absence of response for resetting during an earlier part of the active phase, the flies were exposed to a single pulse at 1 hr after the onset of LL (Fig. 15) . The number of flies on the ceiling was relatively small during the dark period; the first normal peak appeared at the expected onset of the resting phase, followed by no second peak. As pointed out by Arevad and Mourier (1963) , no significantly different activity patterns among various strains or colonies of flies were detected.
Although most flies exhibited similar behavior patterns to those of the Takatsuki colony, a tendency not to rest on the ceiling was apparent in two colonies of flies derived from Denmark, Fig. 13 . Effect of a single 6-hr dark 'pulse' on the resting behavior of the rhythmic flies.
The hours of illumination and darkness are represented respectively by white and black bars along the horizontal time axis. Abscissa: time in hours after the onset of LL after two cycles of LD 12:12. Vol. 26 TSUTSUMI where residual spray of insecticide to the ceiling of the piggery and cowshed was conducted and many flies would rest on the animal, especially the sow (Keiding, 1965) . Therefore, it seems necessary to use flies of a certain strain or colony to study the diurnal behavior.
Because of the absence of overt reproductive cycles, male adults have preferably been used in experiments on circadian rhythms in insects. However, Hardeland and Stange (1971) reported that, in male adults of Drosophila melanogaster grouped Fig. 1 .5. Effect of a single 6-hr dark pulse on the resting behavior (A) and the flight activity (B) of the rhythmic flies.
For explanations, see Fig. 13 . DAILY ACTIVITY PATTERNS OF THE HOUSEFLY together in a small cage, an unusual peak of activity occurred at about the middle of the dark period due to an increased mating activity.
A comparable situation appeared in the housefly (Fig. 3 C) . Male flies tried to mate with other resting individuals so frequently that accurate estimation of activity was difficult especially during the resting phase.
On the other hand, there was little activity in female flies throughout the former half of the resting phase (Fig. 3B) . Therefore, it is pertinent to use virgin female flies supplied with sucrose solution alone.
Little is known concerning the aging effect on the daily periodicity of diurnal insects. Under natural field conditions, reproductive adults of the emperor dragonfly, Anax imperator (Leach), tend to fly during midday, whereas young dragonflies fly mainly during a few hours after dawn (Corbet, 1957 (Corbet, , 1960 . Hardeland and Stange (1971) found that the overall activity attained a maximal level three days after emergence in Drosophila virilis, while in adults of D. melanogaster activity did not vary with the age. In the present experiments, female flies exhibited decreased stability to settle on the ceiling as they grew older, while landing on the ceiling increased rapidly in frequency during the first several days of adult life and then stayed rather constant.
In the blowfly, Phormia regina Meigen, deterioration in rhythmicity occurred when moribund from starvation (Green, 1964) . In the housefly, even if food was always sufficiently supplied, the duration of inactivity gradually reduced, especially in the resting phase, and hence periodicity became covert with advancing adult age (Fig. 4) . Therefore, it is relevant to use young adults a week after their emergence for studying the diurnal behavior of this insect.
Behavior and activity patterns of individual flies
With the American cockroach, Periplaneta americana L., Lipton and Sutherland (1970) pointed out that different recording methods may partially be responsible for variation in the female rhythm, and that a mechanical instrument (the wheel cage) generally records only locomotory activity, but the capacitance monitor records such incidental activities as self-cleaning movements and rubbing against upper surfaces, as well as ordinary running activity.
Tilting-type actographs were used to record locomotory activity of houseflies (Parker, 1962) and a blowfly (Green, 1964) . A sort of capacity-sensing contrivance was utilized to record the activity of the fruit fly, Dro sophila (Hardeland and Stange, 1971) . Since a single female housefly fed to repletion was at most 20 mg in weight, an electronic device was used to record the overall activity of a single housefly in the present experiment.
The activity rhythm of the housefly was studied by Parker (1962) , who found that the rhythmic activity displayed by four flies in groups in an actograph cage continued for four days under constant dim light.
To calculate the period of free running rhythm, a single fly should be used. In the present experiments, overt rhythms persisted for more than two weeks without damping out. It was presumed that these rhythms would continue further.
Each rhythm was slightly longer than 24 hr and no single fly showed a period shorter than 24 hr. However, the flattened peak in the behavior patterns of flies in groups one week after the onset of DD may suggest that the period of free running rhythms varies from one individual to another, and there may be some rhythms exhibiting free running periods shorter than 24 hr.
According to Green (1964) , the mean period of free running rhythm of the blowfly, Phormia regina, was 24.3 hr in DD. Flight activity of the female mosquito, Culex pipiens pallens Cequillett, in DD was recorded by an actograph and the period Vol. 26 TSUTSUMI was about 24 hr (Chiba, 1964 (Chiba, , 1966 . From recent studies on the nature of circadian rhythmicity of other species of insects (Aschoff, , 1963; Beck, 1968; Brown, Jr., Hastings and Palmer, 1970; Bunning, 1960 Bunning, , 1967 Corbet, 1966; Danilevsky, Goryshin and Tyshchenko, 1970; Harker, 1964; Pittendrigh, 1960; Sollberger, 1965) , the fact that the periods of free running rhythms were not exactly 24 hr and that different individuals recorded concurrently did not exhibit similar activity pattern seems to support the existence of the biological clock also in the housefly. Liptcn and Sutherland (1970) The behavior and activity patterns of the houseflies exposed to a single dark period of longer than 6 hr, interrupting LL, were nearly identical with those of flies subjected to a 24-hr photoperiod with a scotophase longer than 6 hr for three days. This fact suggests that duration of dark period, as well as light-to-dark transition, is an important factor to initiate periodicity. This is in contrast to the data presented by Pittendrigh and Bruce (1959) for the fruit fly, in which flash light (1/2000 sec) initiated the emergence rhythm in DD.
The time of the onset of resting phase in the fly in LL was dependent upon the length of a single darkness (Table III) . From this, the resetting mechanism of the time-keeping device can be examined.
Response of the rhythmic
fly to a 6-hr dark pulse
When the flies in their usual daily activity pattern were exposed to bright light at night and then kept in continuous very dim light, the reversed rhythm developed by only 12 hr of nighttime illumination (Parker, 1962) . This fact may suggest that the rhythm is reset when given a dark stimulus to the fly one day after the onset of LL.
There has been no systematic study on the response of rhythmic insects to a single dark stimulus as for resetting.
The two problems warranted special attention. The first was the direct behavioral response of the flies to a single dark pulse. The rhythmic flies showed a cyclical change in response to a single pulse applied in various phases of the rhythm (Figs. 13-15) .
Maximal direct response seemed to occur at about the beginning of the resting phase and minimal one immediately after the onset of LL. Vol. 26 TSUTSUMI
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